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We study the production and decay of Kaluza-Klein (KK) gravitons at the Large Hadron Collider (LHC), in the 
framework of a warped extra dimension in which the Standard Model (SM) fields propagate. Such a scenario can 
provide solutions to both the Planck-weak hierarchy problem and the flavor puzzle of the SM. In this scenario, 
the production via qq annihilation and decays to the conventional photon and lepton channels are highly suppressed. 
However, we show that graviton production via gluon fusion followed by decay to longitudinal Z/W can be significant; 
vector boson fusion is found to be a sub-dominant production mode. In particular, the "golden" ZZ decay mode 
offers a distinctive 4-lepton signal that could lead to the observation at the LHC with 300 fb" 1 (SLHC with 3 ab _1 ) 
of a KK graviton with a mass up to ~ 2 (~ 3) TeV for the ratio of the AdS5 curvature to the Planck scale modestly 
above unity. We argue that (contrary to the lore) such a size of the curvature scale can still be within the regime of 
validity of the framework. Upgrades beyond the SLHC luminosity are required to discover gravitons heavier than ~ 4 
TeV, as favored by the electroweak and flavor precision tests in the simplest such models. 



INTRODUCTION 

Solutions to the Planck-weak hierarchy problem of the 
Standard Model (SM) invoke new particles at ~ TeV 
scale. Such new physics is likely to give a signal at the 
upcoming LHC, provided that the new states have a non- 
negligible coupling to the SM particles. In this paper, we 
consider the solution to the hierarchy problem based on 
the Randall-Sundrum (RSI) framework with a warped 
extra dimension [l[ . The most distinctive novel feature of 
this scenario is the existence of spin-2 Kaluza-Klein (KK) 
gravitons whose masses and couplings to the SM are set 
by the TeV scale. Hence, the KK gravitons appear in 
experiments as widely separated resonances, in contrast 
to the very light, closely spaced KK gravitons in large 
extra dimensions [H, with couplings suppressed by the 
A-d reduced Planck scale Mp. 

A well- motivated extension of the original RSI model 
addresses the flavor structure of the SM through local- 
ization of fermions in the warped bulk. This picture of- 
fers a unified geometric explanation of both the hierar- 
chy and the flavor puzzles, without introducing a flavor 
problem. In this case, graviton production and decay 
via light fermion channels are highly suppressed and the 
decay into photons are negligible. However, finding a 
graviton spin-2 resonance provides the clearest evidence 
for a warped extra dimension, on which the RSI model 
and its extensions are based. The experimental verifi- 
cation of this framework is then seemingly a challenge, 
since some of the most promising original signals are no 



longer available. 

Hence, we examine alternative LHC signals for RSI 
KK gravitons, assuming the SM fields are in the warped 
bulk and that the fermions are localized to explain flavor. 
We show that production of KK gravitons from gluon fu- 
sion and their decay into longitudinal gauge bosons W/Z 
(Wl/Zl) can be significant. In particular, KK graviton 
decay into pairs of Z^s can provide a striking 4-lepton 
signal for a TeV-scale KK graviton at the LHC; multi- 
TeV gravitons are shown to be accessible to a luminosity- 
upgraded LHC. We also consider KK graviton production 
via Vector Boson Fusion (VBF). However, we find that 
this production channel is sub-dominant to that from 
gluon fusion. Hence, we do not analyze the VBF case 
in any detail. 



WARPED EXTRA DIMENSION 

The framework is based on a slice of AdSs. Owing to 
the warped geometry, the relationship between the 5D 
mass scales (taken to be of order Mp) and those in an 
effective AD description depends on the location in the 
extra dimension. The AD (or zero-mode) graviton is lo- 
calized near the "UV/Planck" brane which has a Planck- 
ian fundamental scale, whereas the Higgs sector is local- 
ized near the "IR/TeV" brane where it is stable near a 
warped-down fundamental scale of order TeV. This large 
hierarchy of scales can be generated via a modest-sized 
radius of the 5 th dimension: TeV/Mp ~ e~ k7rR , where 
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k is the curvature scale and R is the proper size of the 
extra dimension; kR « 11. Furthermore, based on the 
AdS/CFT correspondence [H, RSI is conjectured to be 
dual to AD composite Higgs models 0, Q . 

In the original RSI model, the entire SM (including 
the fermions and gauge bosons) are assumed to be local- 
ized on the TeV brane. The key feature of this model 
is that KK gravitons have a mass ~ TeV and are local- 
ized near the TeV brane so that KK graviton coupling 
to the entire SM is only ~ TeV suppressed. Hence, KK 
graviton production via qq or gg fusion at the LHC [or 
via e + e~ at International Linear Collider (ILC)] followed 
by decays to dileptons or diphotons gives striking signals 



However, in this model, the higher-dimensional opera- 
tors in the 5D effective field theory (from cut-off physics) 
are suppressed only by the warped-down scale ~ TeV, 
giving too large contributions to flavor changing neutral 
current (FCNC) processes and observables related to SM 
electroweak precision tests (EWPT). Moreover, this set- 
up provides no understanding of the flavor puzzle, i.e., 
the hierarchies in the SM fermion Yukawa couplings to 
Higgs. 

An attractive solution to this problem is to allow the 
SM fields to propagate in the extra dimension fK IR foL fiol] . 
In such a scenario, the SM particles are identified with 
the zero-modes of the 5D fields and the profile of a 
SM fermion in the extra dimension depends on its 5D 
mass parameter. We can then choose to localize 1st and 
2nd generation fermions near the Planck brane so that 
the FCNC's from higher-dimensional operators are sup- 
pressed by scales ^> TeV which is the cut-off at the lo- 
cation of these fermions [rJ EH • Similarly, contributions 
to EWPT from cut-off physics are also suppressed. 

As a bonus, we obtain a solution to the flavor puzzle 
in the sense that hierarchies in the SM Yukawa couplings 
arise without introducing hierarchies in the fundamental 



5D theory [8|, [Rj, [ll| : the 1st /2nd generation fermions 



have small Yukawa couplings to Higgs which is local- 
ized near the TeV brane. Similarly, the top quark can 
be localized near the TeV brane to account for its large 
Yukawa. 

On the flip side, in this scenario, couplings of KK gravi- 
tons to light fermions are highly suppressed since, as men- 
tioned above, KK gravitons are localized near TeV brane 
whereas the light fermions are localized near the Planck 
brane. In fact, we can show that these couplings (made 
dimensionless by compensating the derivative involved by 
~ TeV scale) are very roughly of Yukawa strength since 
KK gravitons have a profile which is similar to that of 
the Higgs. As a result, qq annihilation at hadron collider 
(or e + e~ at ILC) to KK graviton is negligible. In con- 
trast, SM gluons have a flat profile so that coupling to 
KK graviton is suppressed only by a factor of the size 
of the extra dimension (in units of radius of curvature), 
i.e., kwR, relative to gluons being on the TeV brane. This 



factor is basically ~ log (Mp/TeV) due to solution to the 
hierarchy problem. Thus, although suppressed compared 
to the original RSI model, the coupling of gluons to KK 
gravitons and hence KK graviton production via gg fu- 
sion is still non- negligible (cf . the case of light fermions) . 

Furthermore, decays of KK graviton are dominated by 
top quark and Higgs due to their profile being near TeV 
brane, resulting in couplings to KK gravitons (which 
are also localized there) being only ~ TeV-suppressed 
just like in the original RSI model. The problem is 
that none of these are easily detectable modes. Just 
as with production of KK graviton, the branching ratio 
(BR) to the usual golden modes, such as a pair of pho- 
tons, is volume suppressed, whereas to light fermions is 
Yukawa-suppressed and hence negligible. Thus, a priori, 
combination of these 2 factors - suppression in produc- 
tion and in decays to the previously considered "golden" 
modes - makes signal for the KK graviton very difficult 

The crucial point of our paper is that, by the equiva- 
lence theorem, and Zl are effectively the unphysical 
Higgs ("would-be" Goldstone bosons) and are there- 
fore localized near the TeV brane (just like the physi- 
cal Higgs). So, the decay widths in the Wl/Zl channels 
are the same size as in those of the physical Higgs/top 
quark. 1 Clearly, branching ratio to a pair of Z/Ws is 
sizable; in particular, ZlZl is a golden channel. As 
a corollary, production of KK graviton via longitudinal 
W/Z fusion can be important. Such effects were not an- 
alyzed before. 

Next, we comment on mass scale of KK gravitons. In 
this scenario, there are new contributions to EWPT and 
FCNC's calculable in the 5L> effective field theory (EFT) 
from KK modes. Due to various symmetries (approx- 
imate flavor or analog of GIM mechanism of the SM 
10, [ill [IH and custodial isospin [r| ) , gauge KK masses 
as small as ~ 3 TeV are consistent with oblique elec- 
troweak (EW) data [r| (we comment on non-oblique ef- 



fects such as Zbb later) and FCNC's jl7|. As a result, KK 
gravitons have to be heavier than ~ 4 TeV since the ratio 
of lightest KK masses for graviton and gauge bosons is 
~ 1.5 in the simplest such models (see next section). 



COUPLINGS OF KK GRAVITON 



A general formula for couplings of rrfi 1 and rfi 1 modes 
of the bulk field (denoted by F) to the q th level KK 



The longitudinal channels are dominant compared to those of 
the transverse W/Z or gluon/photon by a volume factor: in this 
sense, massive gauge bosons are different from the massless ones. 
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gravitons (denoted by G) is [12j |: 

£g = J2 C ^m^-^ a V u0 h^(x)T^(x) (1) 



where h q a p(x) corresponds to the KK graviton, T$? ,n \x) 
denotes the 4D energy-momentum tensor of the modes 
of the bulk field, M P « 2.4 x 10 18 GeV is the reduced 
AD Planck scale and G^„r^ is the overlap integral of the 
wavefunctions of the 3 modes. 

We will consider only those couplings relevant for pro- 
duction and decay. Since qq annihilation to KK graviton 
is Yukawa-suppressed, the production is dominated by 
gluon fusion. The coupling of gluons to KK gravitons is 
given by the above formula with [l2| : 
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where Jo. 2 denote Bessel functions and x^ = 
3.83,7.02,10.17,13.32 gives masses of the first 4 KK 
gravitons: = ke^ hlrR x^. Gauge KK masses are given 
by to^ = ke' k7TR x (2.45, 5.57, 8.7, 11.84). For simplicity, 
we neglect brane-localized kinetic terms for both graviton 
and gauge fields. Thus, we have 



1.577lf 



(3) 



for the lightest KK masses for graviton and gauge fields. 

As mentioned above, the decays of KK graviton are 
dominated by top quark and Higgs (including longitudi- 
nal W/Z using equivalence theorem). Let us consider the 
top and bottom sector in detail to determine the cou- 
plings to KK graviton. Due to heaviness of top quark 
combined with constraint from shift in Zbb, one possibil- 
ity is to localize tp very close to TeV brane with (t, V)l 
having a profile close to flat [16j| . Even with this choice 
of the profiles, the gauge KK mass scale is constrained 
by Zbb to be ~ 5 TeV, i.e., a bit higher than that allowed 
by oblique EW data. However, a custodial symmetry to 
suppress Zbb [l8| can relax this constraint on the gauge 
KK mass scale and moreover allows the other extreme 
case: (i, b) j, very close to the TeV brane and tp close to 
flat and also the intermediate possibility with both tp 
and (t,b)L being near, but not too close to TeV brane. 
The bottom-line is that, with this custodial symmetry 
and for certain choices of profiles for tn and (t, b) l in the 
extra dimension, gauge KK masses as low as ~ 3 TeV 
can be consistent with Zbb as well [19j . For simplicity, 
we will consider the extreme case with tn localized very 
close to the TeV brane, with (t, b) l having close to a flat 
profile. It is straightforward to extend our analysis to the 
other cases. Moreover, we will assume that this helicity 
of the top quark and similarly the Higgs are exactly lo- 
calized on the TeV brane. In reality, these particles have 
a profile peaked near the TeV brane, but this will result 
in at most an O(l) difference. 



With this approximation, the couplings relevant for 
decay are: 
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giving the partial decay widths [2C 
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960vr 
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480tt 
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960tt 



(4) 

(5) 
(6) 
(7) 
(8) 

where N c = 3 is number of QCD colors, c = k/Mp, 
and we have neglected masses of final state particles in 
phase space factors. These are the only important decay 
channels for the n = 1 graviton KK mode which is the 
focus of our analysis in this work. For the case where 
(t, 6)i is localized very close to the TeV brane (with tp 
being close to flat), we multiply 1st formula by a factor 
of 2 to include decays to &£. In this case, production of 
KK graviton from bb annihilation can also be important. 
The last 2 formulae correspond to decays to longitudinal 
polarizations: we have used equivalence theorem (which 
is valid up to M^ vz jE 2 effects, where E ~ mf) to re- 
late these decays to physical Higgs. As mentioned above, 
we can neglect decays to transverse W/Z (and similarly 
to gluon, photon) due to volume [~ log (Mp/TeV)] sup- 
pression (in amplitude) relative to longitudinal polariza- 
tion. Similarly, decays to light fermions are negligible 
(due to the Yukawa-suppressed coupling to KK gravi- 
ton) . We can also show that the decays of KK graviton 
to other KK modes are suppressed. 

Finally, for the intermediate possibility mentioned 
above (with both tp and (t, b) l being near, but not too 
close to TeV brane) , the partial width of KK graviton to 
top/bottom quarks (and hence the total width) will be 
smaller and hence the BR to ZZ will be larger. 



KK GRAVITON PRODUCTION 

The relevant matrix elements for the pro cess gg 
VV, with V = W,Z, via KK graviton are [2ll|: 



Mf lXM (g a g b - VV) = -Ci 

x E 
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where Xi refer to initial and final state polarizations, a, b 
are color factors, 



r G = 
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(10) 



is the total decay width of KK graviton in our treatment, 



and we have used Alp e 



-knR _ 



cf = 



'/(x^c). As mentioned 



3.83 for the first graviton resonance. We 
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where f3 v = 1 — AMy/s and the hatted variables are in 
the parton center of mass frame. To repeat, the other 
amplitudes with transverse polarizations for V's (i.e., 
A34 = +, — ) can be neglected since these are suppressed 
relative to the above by ~ log (Mpi /TeV) . Note that the 
above formula includes both the virtual exchange of KK 
graviton and resonant production. One can show that 
-4+-oo -> - sin 2 9 s 2 /2 as f3 v -> 1. 

The parton-level signal (V — Z) cross-section, aver- 
aged over initial state spins and colors, is given by: 



do_ (jj -> zz ) 
dcos 9 



\M. 



-00 1 



10247TS 



(13) 



where a factor of 1/2 has been included for identical 
bosons in the final state, initial helicity averaging has 
been accounted for by a factor of 1/4 and a factor of 1 /8 

accounts for color averaging. Note that A4-\ 00 is the 

only independent non-zero matrix clement for the above 
process. The total parton level cross section a is related 
to the proton-level total signal cross-section as usual: 

a(pp -> ZZ) = Jdxidx 2 f g (x u Q 2 )f g (x 2 , Q 2 )d (xix 2 s) , 

(14) 

where f g are the gluon PDF's and Q 2 ~ (w„) 2 is the 
typical momentum transfer in the partonic process for 
resonant production of a KK graviton. 

Finally, we discuss a new production mechanism for 
KK graviton which has not been considered before, 
namely, VBF via WW or ZZ. The probability for emis- 
sion of (an almost) collincar longitudinal W/Z by a quark 
(or anti-quark) is suppressed by electroweak factor of 
~ oiewI (4tt) [22j. However, the coupling of longitudinal 
W/Z to KK graviton is log (Mp/TeV) -enhanced com- 
pared to that to gluon (or to transverse W/Z). More- 
over, VBF can proceed via valence quarks, i.e., uu or 



ud, scattering in addition to uu and dd annihilation 
(which are suppressed by the smaller sea quark con- 
tent). So, we find that the ratio of KK graviton pro- 
duction via longitudinal W/Z fusion and gluon fusion 

- -I 2 r _ -1 2 

is ~ asw/i^) x log(Mp/TeV) x ratio of (u 
PDF) 2 vs. (g PDF) 2 . Since (u PDF) 2 is roughly an order 
of magnitude larger than (g PDF) 2 at the relevant x's, 
we estimate that the cross-section for gg fusion is about 
an order of magnitude larger than the WW '/ZZ fusion - 
our detailed, partonic level, calculation confirms this ex- 
pectation. Further details are discussed in the appendix. 

SM BACKGROUND 

In the next section, we focus mainly on the leptonic 
decay mode of the two Zs (4£), based on considerations 
of background as we now discuss. We begin with the 
irreducible background to the ZZ final state, i.e., SM 
contribution to pp — > ZZ + X. It is dominated by qq 
annihilation: gluon fusion is very small in the SM since 
it proceeds via loop. Hence, the interference of KK gravi- 
ton signal (dominated by gg and WW/ZZ fusion) with 
the SM background is negligible. The parton-level cross- 
section, averaged over quark colors and spins is given by 

M 



da fagi — » ZZ) 
di 
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96 sin 4 9w cos 4 9ws 2 



tit. 



Ml 



i 2 



(15) 



where L u = 1 - 4/3 sin 2 6^, R u = -4/3 sin 2 9 W , L d 

I ■ 2/3 sin 2 9 W and R d = +2/3 sin 2 9 W This cross- 
section exhibits forward/backward peaking due to t/u 
channel exchange, whereas KK graviton signal does not 
have this feature [see the approximate 9 dependencies 
given below Eqs. P^l and [T7|) ]. Hence, a cut on pseudo- 
rapidity r\ is useful to reduce this background keeping the 
signal (almost) unchanged. Thus as we shall see below 
our signal is typically significantly larger than the SM 
ZZ background. 

The smallness of the irreducible background to ZZ fi- 
nal state leads us to consider the reducible background 
which depends on the decay mode of the Z pair. For the 
dominant purely hadronic decay mode, there is a huge 
QCD background (4 jets) so that this decay mode is not 
useful. Next , we consider the semi-leptonic decay mode. 
The problem is that for such energetic Z's, the opening 
angle between 2 jets from Z decay ~ Mz/1 TeV ~ 0.1, 
whereas the typical cone size for jet reconstruction is 
~ 0.4 (see for example [3]). Hence, it is likely that 
we cannot resolve the 2 jets from Z decay so that they 
will appear as a single jet ("Z-jet"). Therefore, we need 
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to consider the background from Z + 1 jet which we cal- 
culate is roughly an order of magnitude larger than our 
signal (over the same mass window) - note that, based on 
the above discussion, this statement is true irrespective of 
the value of c. However, we note that more sophisticated 
means of reducing the Z + 1 jet background, for example 
via a better set of cuts or by looking for a substructure 
inside the Z-jet from KK graviton decay (this will give a 
hint that the jet is neither a light jet nor a b-jet), might 
make this channel useful. 

Also, VBF has the feature of 2 additional highly ener- 
getic forward-jets which can be tagged [22j|. However in 
this case and with semi-leptonic decay of Z pair, we will 
have to consider background from Z + 3 jets, with its 
associated QCD uncertainties. Moreover, VBF is sub- 
dominant to gg fusion and hence VBF might not have 
enough statistics (for the interesting range of KK masses) 
which are required for an analysis involving forward- 
jet tagging. In view of these difficulties with the semi- 
lcptonic decay mode, here we will follow a conservative 
approach and not consider this decay mode, but we note 
that it is worthy of a future study. So, for now, we will fo- 
cus on the purely (charged) leptonic decay mode for ZZ 
for which the dominant background is the irreducible one 
and hence is smaller than our signal. The channel with 
one Z decaying to neutrinos, whereas the other Z decays 
to charged leptons is also interesting. The BR for this 
channel is larger than for the 41 mode, but the invari- 
ant mass of the Z pair cannot be reconstructed in this 
case so that we cannot apply the mass window cut (see 
below) to enhance the ratio of signal over background. 
However, the distribution of kinematic variables such as 
missing px will still be different for signal as compared 
to the SM background which will help in discriminating 
between the two - we will defer this analysis for a future 
study. 
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FIG. 1: The cross-sections (integrated over one width) for 
gg — * ZZ via KK graviton (solid lines) and the corresponding 
SM background (dashed lines). We show the cross-sections for 
c = k/Mp = 0.5, 1, 1.5, 2 (from bottom to top). See the text 
for an explanation of the upper limit on c. The yellow region 
shows where we expect the KK graviton mass to be in the 
simplest models according to relation in Eq [3] and the limit 
on gauge KK mass from precision tests. 
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FIG. 2: Same as fig. [Q but with n < 2. 



SIGNALS AT THE LHC 

Our results for the KK graviton signal (S) and irre- 
ducible SM background (B) cross sections, both within 
the ZZ invariant mass window 2 mfiTc, are presented 
in Figs. ([T]) and ©, without a cut on eta and with such 
a cut, respectively. The yellow region shows where we 
expect the KK graviton mass to be in the simplest mod- 
els according to relation in Eq. [3] and the limit on gauge 
KK mass from precision tests. As expected from the 
above discussion, these results show that implementing 
a cut with 77 < 2 on the final state Z's enhances S/B. 
With this cut on r\ we find that the signal is larger than 



2 The ratio of signal to background is maximized when KK gravi- 
ton is on-shell and, therefore, we focus on this region. 



the background by a factor of a few (or even an order of 
magnitude) over a wide range of KK graviton masses. We 
consider the range 0.5 < c < 2; a discussion of the upper 
limit on c is given later. We have used the CTEQ6L1 
PDF's, evaluated at Q 2 = mf 2 in our (partonic level) 
calculations (both for the signal and the background). 
Note that, based on Eqs. ©, JTOj) and fl6]). the depen- 
dence on c parameter (roughly) cancels in parton-level 
signal cross-section (or equivalently the proton-level dif- 
ferential cross-section) near the peak of the resonance. 
Hence, the ratio of signal to background in this mass 
window is (almost) independent of c. 

Based on the preceding discussion, we are led to con- 
sider the purely leptonic (e + e~, fi + p~) decay of the Z 
pair. However, this decay mode has a small BR of 
« 0.45%. Hence, the main issue is whether the number of 
M events from signal and also the Sj\fB is large enough, 
especially given the small BR of this mode. The total 
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signal cross-section and hence the number of 4£ events 
scales as c 2 . The reason is that (as explained above) 
the differential cross-section at the peak of the resonance 
is (roughly) independent of c, but the size of the mass 
window ~ r<3 oc c 2 . Similarly, S/yB scales as c. 

Range of c. Therefore, it becomes crucial to study 
the allowed range of k/Mp. Recall that there is an up- 
per limit on c such that the assumption of neglecting 
higher curvature terms is valid [J \v\ . The common 
lore is that c ~ 1 is outside the domain of validity of 
the model. However, we now show that c ~ 1 is still 
within the range of validity of the model. The point is 
that the higher curvature terms in the 5-D action are sup- 
pressed by powers of -R5/A 2 , rather than R5/M5, with 
i?5 = 20fc 2 the size of the 5-D curvature [T3| and M5 the 

5- D Planck scale. Here A is the energy scale at which 
the 5-D gravity theory becomes strongly coupled and its 
Naive Dimensional Analysis (NDA) estimate is given by 
A 3 / (24tt 3 ) ~ M f |51i| . We can show that loop effects 
and local higher-dimensional operators in the 5D theory 
are also suppressed by a similar factor. Using the relation 

Mp w M|/fc, we require k/Mp < ^3tt 3 /(5V5) so that 
we can trust our above calculation of the tree-level effects 
of KK gravitons. Although there are 0(1) uncertainties 
in these estimates, we thus expect that for k/Mp ~ 1, 
higher-order corrections to our results can be neglected. 
In fact, even c modestly larger than 1 can still be within 
the regime of validity of the model since the edge of va- 
lidity of the model is k/Mp w 3. Hence, we will consider 
values of c as large as 2 in our results. 3 

Other decay modes of KK graviton. Before pre- 
senting our results based on the A£ events, we would 
briefly like to mention other decay modes of the KK 
graviton, beginning with the dominant decay mode to 
top quarks (BR ss 70%). The purely leptonic decay mode 
for the top pair (i.e., W's from both tops decaying lep- 
tonically) has very small BR (« 5%) and hence is too 
inefficient. The semi-leptonic decay mode has large BR 
(~ 30%), but it was shown in reference [26| that for px of 
top quark ~ 1 TeV (as would be the case for KK graviton 
masses of interest), the C4 jet algorithm [24( is unable to 
resolve the 3 jets from hadronic top decay (6-jet and 2 jets 
from W decay), just like for the case of hadronic decay 
of Z mentioned above. Hence the conventional hadronic 
top reconstruction methods for ti invariant masses ~ 600 
GeV [27J are inefficient for such energetic tops. The new 
methods proposed in reference [26| , based on this "top- 
jet" , results in a total efficiency of ~ 1% (including BR, 

6- tagging efficiency and kinematic effects) for the case of 



3 Note that for values of c larger than ~ 2, the KK graviton width 
becomes larger than ~ 20% of its mass, making some of the 
approximations used in our calculations less reliable and also 
introducing additional detection issues. 



a 3 TeV KK gluon decaying into top pairs [2^|. We ex- 
pect a similar small efficiency for KK graviton masses ~ 2 
TeV. The case of decays of KK graviton to WW followed 
by leptonic decays of both W is also problematic, since 
the neutrinos' px will tend to be almost back to back, 
due to the high boost of the W's. Thus in many cases 
the missing energy information will be lost and the W 
mass cannot be reconstructed efficiently. Of course the 
hadronic decay of W faces the same problem as above for 
top/Z hadronic decay. Thus, we conclude that the other 
decay modes of KK graviton might be more challenging 
and less clean that the 4£ mode we are considering, but 
these other decay modes certainly deserve a separate and 
more detailed study (especially the decays to top quarks 
since the top decays, in turn, carry useful spin informa- 
tion). 

Results. In Fig. [3j we show the number of 4£ events 
for the LHC with 300 fb _1 luminosity and in Figs. |4] and [5] 
we show the statistical significance of the signal (S/ V~B), 
with and without the rj cut, respectively - we again see 
the importance of the rj cut in improving the significance 
of the signal. We define the reach to be largest KK mass 
for which number of A£ events > 10, provided also that 
S/VB > 5. (We assume for simplicity 100% efficiency 
since our signal is known to be one of the cleanest at 
the LHC.) In Table HJ we show this reach of the LHC 
from which we see that for c ~ 2, the LHC can probe 
KK graviton masses up to ~ 2 TeV. Recall that the con- 
straints from FCNC and EWPT on gauge KK masses in 
the simplest existing models in the literature require KK 
graviton masses ~ 4 TeV. 

We also note that higher luminosities of 3 ab _1 are 
being discussed in the community for the SLHC (see for 
example references [28|, [29[). The number of 4£ events 
and S/VB for the SLHC can be easily obtained by multi- 
plying the corresponding numbers for the LHC by 10 and 
%/TO, respectively. From Table [Til we see that the SLHC 
can extend the reach for KK graviton to ~ 3 TeV. Simi- 
larly, upgrades of the center of mass energy to 28 TeV (see 
for example reference [2^|) can extend the reach in KK 
masses. Note that the 4-lepton signal is the cleanest (in 
terms of background) of the possible KK graviton decay 
modes. This feature makes it a very promising discovery 
mode for KK graviton even at higher luminosity/energy, 
cf. other modes (including the dominant decay mode to 
top quarks) which involve hadrons. 

An alternate possibility is that new model-building av- 
enues or mechanisms to suppress EWPT and FCNC al- 
low lower gauge (and hence graviton) KK masses, just as 
the custodial symmetries to suppress contributions to T 
parameter and Zbb coupling relaxed the constraints on 
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Events/SOOfb- 1 r?<2 Cut 



100 
10 

1 

. 1 
.01 
.001 




FIG. 3: The total number of expected events for the purely 
leptonic decay mode for Z pairs from KK graviton decay using 
300 fb" 1 with r) < 2. See also Fig. |TJ 



s/Vb no rj cu t, for 300fb~ 




FIG. 4: Significance for the purely leptonic decay mode for Z 
pairs from KK graviton using 300 fb -1 . See also Fig. {!]) 



the KK masses before. 4 

Finally, it is interesting that, although we might not 
have enough statistics for a few TeV KK graviton masses, 
the Z/W pairs from KK graviton can be discriminated 
from SM background as follows. First of all, the (recon- 
structed) Z/W pairs from KK graviton have a charac- 
teristic spin-2 angular distribution as opposed to the SM 
background. Also, the SM ZZ's are mostly transverse, 
whereas the ones from KK graviton are mostly longitu- 
dinal. Hence, the angular distribution of decay products 
of Z in the Z rest frame (or their energy distribution in 
the lab frame) can also distinguish KK graviton signal 
from SM background. 



4 For example, references [30| discuss the possibility of suppressing 
the S parameter while keeping the solution to the flavor puzzle 
intact. 



s/Vb r}<2 cut, for 300fb 




FIG. 5: Same as FIG. H but with tj < 2. 



c = k/Mp 


0.5 


1.0 


1.5 


2.0 


mf (TeV) 


< 1.5 


1.6 


1.9 


2.2 


s/Vb 




7.0 


6.1 


6.1 



TABLE I: The mass of the first KK graviton for which the 
number of signal events is 10 at the LHC, for various choices 
of c. See the text for an explanation of the upper limit on 
c. The significance S/ \f~B~ of each result is also given. These 
numbers correspond to 300 fb -1 of integrated luminosity. 



CONCLUSIONS 

In this work, we have studied the discovery potential, 
at the LHC and its future upgrades, for the first RS 
graviton KK mode, assuming bulk SM. Such a discov- 
ery will provide strong evidence in favor of the RS model 
as the resolution of both the Planck-weak and the fla- 
vor hierarchy puzzles. We considered gluon-fusion and 
VBF production modes and found that the VBF mode 
is sub-dominant. We focused on a remarkably clean 4- 
lepton signal, originating from the decay of the graviton 
to 2 longitudinal Z's. With this signal, the reach of the 
LHC for the first graviton KK mode extends to around 
2 TeV, for an integrated luminosity of 300 fb -1 and for 
the ratio of the AdSs curvature to Mp modestly above 
unity, which as we argued (and contrary to the lore) can 
still be within the regime of validity for our computa- 
tions. On the other hand, within the (simplest) current 
theory understanding, the electroweak and flavor preci- 
sion tests disfavor KK graviton masses below ~ 4 TeV. 
However, the discovery reach can be extended at the up- 



c = k/Mp 


0.5 


1.0 


1.5 


2.0 


m? (TeV) 


1.9 


2.3 


2.6 


2.9 


S/VB 


6.1 


4.3 


4.3 


4.3 



TABLE II: Same as TABLE I, except for the SLHC with 
3 ab _1 of integrated luminosity. 
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graded SLHC luminosity of order 3 ab _1 and approach 
3 TeV. Finally, we discussed briefly how the semi-leptonic 
decay mode of the Z pairs from KK graviton can be use- 
ful with a more refined analysis designed to reduce the 
background. 

Note added: While this work was being finalized, 



Ref. 3l| appeared containing a similar discussion, in the 
context of bulk SM, of the couplings of KK gravitons 
to longitudinal W/Z, based on the equivalence principle, 
but focusing on the search for the KK graviton at the 
LHC using its decays to top quarks. 
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APPENDIX 

The relevant matrix elements for the process VV — > 
ZZ via KK graviton exchange are given by: 

2 

ZZ) 



Mt XM (VV 



A 



Ai A2 A3 A3 



mt 



where V = W, Z and 

•4oooo = - 1) {0y - 2) (/?f - 1) (/?! - 2) 
3 (t-u) 2 -s 2 /3 v : 



-(16) 



(17) 



96(3 2 Z (3 V M 2 M 2 

From the above discussion, it is clear that the other am- 
plitudes with transverse polarizations for initial or final 
state bosons can be neglected due to the smaller cou- 
plings to the KK graviton. We can show that in the 
limit (3 WiZ -» 1, ^0000 -» s 2 /2 (2/3 - sin 2 0). 
The parton-level cross-section is given by 



da (V L V L -> ZZ) 



\M 



0000 1 



d cos 9 647rs 
where the subscript L on V denotes longitudinal polar- 
ization. 

The probability distribution for a quark of energy E 
to emit a longitudinally polarized gauge boson of energy 
xE and transverse momentum oj (relative to quark mo- 
mentum) is approximated by [221 ] : 



dP v/f fa Pt) 
dp% 



g v +9A 1 ~ x (l-x)M, 



4tt 2 



Pt 



(1 



X)M V 



(19) 



The proton-level cross-section can then be written as 

a (pp —* ZZ) 3 J dx\dxidx^ dx^ dp T x dp T 2 

d^w/u fax 1 Pt 1) ^w/d ( x ™ > Pt 2) 



dp? 



T 2 



dp\ x 

x fu(xi,Q 2 )fd(x 2 ,Q 2 )a{s) 
+ (u <-> d) 

w J dxidx 2 dxY dxYf u (xi, Q 2 )fd{%2, Q 2 



w „w\ 



Pw/u fav') Pyv/d fax) & {sx\X2x'{ X2 



+ (u <-» d) 



(20) 



where in the second line, we have used the fact that 
[based on Eq. ([T9| ] the average p\ of the longitudi- 
nal V is given by - (1 - x)M v < (xY 2 E) 2 . Here, 



1, 2 



E 



,0 



TeV is roughly the energy of the lon- 
gitudinal V in order to produce an on-shell KK gravi- 
ton 5 . Hence, we can neglect pr's in the parton-level 
cross-section, i.e., set s m sxxx^x^ x^ and integrate over 



Pt''s to obtain total probabilities, P^/ d {x) 



Pw/ufa 



g 2 / (l6vr 2 ) x (1 - x)/x. Also, f u<d are the u, d PDF's; 
the u quark (or W + ) can come from the first proton and 
d quark (or W~) from the second proton or vice versa. 
Expressions for contributions from W/Zl emission from 
various other combinations of quarks and anti-quarks in- 
side the protons can be similarly obtained. 
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